Summary The paper reviews physical concepts related to the collective dynamics of plasmon excitations in metal nanocrystals with a focus on the photogeneration of energetic carriers. Using quantum linear response theory, we analyze the wave function of a plasmon in nanostructures of different sizes. Energetic carriers are efficiently generated in small nanocrystals due to the non-conservation of momentum of electrons in a confined nanoscale system. On the other hand, large nanocrystals and nanostructures, when driven by light, produce a relatively small number of carriers with large excitation energies. Another important factor is the polarization of the exciting light. Most efficient generation and injection of high-energy carriers can be realized when the optically induced electric current is along the smallest dimension of a nanostructure and also normal to its walls and, for efficient injection, the current should be normal to the collecting barrier. Other important properties and limitations: (1) intra-band transitions are preferable for generation of energetic electrons and dominate the absorption for relatively long wavelengths (approximately >600 nm), (2) inter-band transitions efficiently generate energetic holes and (3) the carrier-generation and absorption spectra can be significantly different. * Corresponding author. The described physical properties of metal nanocrystals are essential for a variety of potential applications utilizing hot plasmonic electrons including optoelectronic signal processing, photodetection, photocatalysis and solar-energy harvesting.
Introduction
Whereas plasmonic properties of metal nanocrystals in terms of optical response have been so intensively investigated [1, 2] , the internal quantum states of photo-excited electrons inside plasmonic systems are much less known because electrons in nanocrystals oscillate in a nontrivial way, creating a collective excitation, a plasmon. Under optical illumination, the electrons simultaneously form a plasmon excitation and scatter by each other and from the walls and phonons. Experimentally, optically excited electrons in a metal can be registered via a photocurrent in a semiconductor-metal Schottky-barrier photodetector [3] ( Fig. 1a ) or using surface photochemistry [4, 5] (Fig. 1b) . It has been recognized recently that plasmonic nanostructures and nano-antennas can be used for hot carrier generation, photocatalysis, and injection. Metal nanocrystals have large absorption cross sections and can efficiently enhance and trap light [6] [7] [8] . Plasmonic enhancement of photocurrents and chemical processes can be induced via direct electron transfer from a metal or indirectly via a local amplification of electromagnetic field at functional elements of a device [9] . Several recent papers reported plasmon-enhanced photochemistry [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] (when plasmonic nanocrystals are in contact with a liquid) and plasmon-driven photocurrent responses in optoelectronic devices and nanostructures [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
The photo-excited plasmonic electrons look very attractive for applications in photochemistry, solar cells, and photodetectors because metal nanocrystals can absorb light much more efficiently compared to inorganic semiconductors and organic dye molecules. Here are some advantages of metal nanocrystals:
• Large absorption cross sections.
• A large number of electrons with appropriate energy levels for electron transfer.
• Efficient tuning of the plasmonic resonances, absorption spectra and local enhancement using the size, shape, orientation and arrangement of nanocrystals [1, 2, [34] [35] [36] . Fig. 2 illustrates gold nanocrystals of various shapes and shows their absorption spectra. We can see that the position of plasmon resonance in absorption can be conveniently tuned with the shape of a nanocrystal. However, there are significant fundamental limitations for the use and extraction of plasmonic electrons in photocatalytic and solar conversion applications. These limitations include:
• Fast relaxation and relatively short mean free path of electrons in metals.
• Limited momentum transfer and often a large number of excited electrons with low energies.
• Reflection of electrons from the metal-semiconductor interface.
In this perspective article, we will address physical properties of plasmons in metal nanocrystals, focusing on the microscopic quantum structure of plasmonic oscillations and the non-equilibrium electron distributions in optically driven confined systems. The first sections will describe energy distributions and dynamics of excited electrons in the plasmon waves in the bulk and in confined nanocrystals. The following sections will address model physical systems and devices as well as provide a brief review of experimental work in the field.
Wave functions of plasmons in the bulk and in nanostructures 3D metal
Electrons in metals form a Fermi gas, which is characterized by the Fermi velocity (v F ), Fermi energy (E F ), and bulk plasmon frequency, (ω p,bulk ). The non-interacting Fermi-gas model gives the following equations for the above parameters [38, 39] 
2m 0 , ω p,bulk = 4 e 2 n 0 ε 0 m 0 , where n 0 is the 3D electron density, m 0 is the electron mass and ε 0 is the background dielectric constant coming from the atomic core electrons. For gold, these numbers are E F = 5.5 eV, v F = 1.39 × 10 8 cm/s, and ω p,bulk = 3.96 eV [40] . The quantum description of electron gas is based on the density matrix, mn [38] . The elements of the density matrix give us populations of quantum single-particle states in an electron gas driven by optical excitation. The population of a single-particle quantum state in a Fermi gas is simply the corresponding matrix element
where « (t) is a non-equilibrium wave function, which may be quite complicated in its exact form, and the operatorsĉ + n andĉ n are the creation and annihilation operators, respectively. Then, the operatorĉ + nĉ n ''probes'' the many-body wavefunction « (t) and reveals the presence of equilibrium or non-equilibrium electrons in the Fermi sea. In the absence of illumination, the system is in equilibrium and the population is, of course, given by the Fermi distribution function nn = f F (E), where E is the electron energy. When the electron plasma is illuminated, the non-diagonal elements, like n n (t) = « (t) ĉ + nĉ n « (t) , reveal the presence of an excitation, an electron-hole pair, in the Fermi gas (Figs. 3b and 4a ). In the election-hole excitation, an electron is promoted from the state |n Schematic illustration of hot-electron transfer from a metal to an unoccupied molecular orbital at the surface. The laser light generates hot electrons in the bulk and these electrons have a finite probability to tunnel to the adsorbate. Reprinted with permission from Ref. [4] . Copyright (2013) American Chemical Society.
below the Fermi level to the non-equilibrium state |n above the Fermi-sea level (Figs. 3b and 4a ). The density matrix describes the quantum state of electron gas and should be found from the solution of the equation of motion [38, 41] 
Figure 2 (a) Schematic illustration of gold nanocrystals and their absorption spectra in water. The absorption spectra were calculated numerically using the local dielectric constant of gold. [37] (b) Physical processes in a photo-excited electron gas that is in contact with a semiconductor. (c) Optoelectronic processes in a confined nanocrystal in contact with molecular adsorbate. Photogenerated plasmonic carriers have chance to be transferred to the molecules adsorbed on the surface. whereĤ is the Hamiltonian including the optical excitation andˆ rel is an operator describing energy relaxation. The equation of motion in the form (1) provides us with a very convenient approach for treating many quantum systems [38, 39, 41] . We start with a plasmon wave in the bulk and in the systems with large dimensions (Fig. 3a and c) . The dynamic response of the Fermi gas in the presence of the external field is described by the bulk dielectric function [38] :
where q is wave vector of excitation in the gas and V is the crystal volume. The zeros of this function should give self-oscillations of the system. Indeed one can show that the equation ε 3D (ω) = 0 produces the plasmon frequency ω = ±ω p,bulk .
Now we look at the structure of a plasmon wave, i.e. the electron distribution. The steady-state distribution of hot plasmonic electrons can be obtained directly from the diagonal elements
where ı(E − E n ) is a numerical ı-function, E n is the energy of the singe-particle state |n , and the factor 2 accounts for spins. The equation for the time-averaged function ı nn , derived from the linear response theory in Ref. [42] , reads:
where ϕ nn = n| ϕ ω (r) n is the matrix elements of optical excitations, ϕ ω (r) is a complex amplitude of the time-oscillating electric potential induced by the illumination and rel is the energy relaxation rate of electrons. These matrix elements produce quantum amplitudes of optical transitions between the electron states. Fig. 3d shows the calculated hot plasmonic distributions in a bulk plasmon taken from Ref. [42] . We assume that the plasmon wave excited in an electron gas has the wavelength = 760 nm. The excited-electron distribution ın(E) = n(E) − f F · D(E) is positive for E>E F and negative for E<E F ; here D(E) is the electron density of states of the bulk system. The function ın(E) reveals the presence of electron-hole pair excitations in the optically driven electron Fermi sea. Because of the conservation of momentum in the bulk, the transitions occur only between the states |n = k and |n = k + q , where q is the wavevector of the bulk plasmon. Consequently, the sum (3) includes only the transitions between states k and k + q that have small excitation energies E = E k+q + E k ∼qv F . The energy qv F is small and typically less than the plasmon and thermal energies, qv F < k B T ω p,bulk . For a model system with the Fermi energy of gold at room temperature, which has ω p,bulk = 3.96eV and k B T = 0.026eV , the excitation energy qv F = 0.007eV assuming a plasmon wave with a wavelength of 760 nm. Therefore, the typical energy of an excited carrier counted with respect to the Fermi energy in the plasmon wave E excited electrons ∼3k B T + qv F = 0.08 eV (4) under the usual condition q k F . We see an interesting property of the bulk plasmon wave: Electrons in the plasmon with a large energy quantum (ω p,bulk ∼3eV ) have very small excitation energies of single electrons. In many cases, it is more convenient to perform plasmonic experiments using a planar waveguide (Fig. 3c ) [1, 2] where plasmons with optical energies (ω∼1 − 2eV ) can be launched and then detected at different lateral positions.
Plasmons in a waveguide
Coupled plasmon-electromagnetic waves in a waveguide are called Surface Plasmon Polaritons (SPPs). For example, a SPP in a Au waveguide with a wavelength 760 nm has the energy quantum ω SPP ∼1.5eV [43] . To launch a SPP wave, one can use a grating ( Fig. 3c ) [1, 43] . The width of the metal waveguide is typically large (∼150 nm in Ref. [43] ), much longer than the mean-free-path of an electron. Therefore, we can use the bulk theory to understand the electronic structure of a SPP wave. Estimating the excitation energy with Eq. (4), we see again that SPPs with a realistic wavelength create mostly very low-energy electron excitations, E excited electrons ∼3k B T ∼0.08eV « ω SPP = 1.5eV . We, therefore, conclude that plasmonic systems with large dimensions have the serious limitation for efficient electron photo-injection into a semiconductor since the excited plasmonic electrons need high enough energy to pass the Schottky barrier. In other words, it is expected that SPPs launched in a waveguide cannot create many high-energy electrons, which can be detected by a Schottky barrier with a typical height of 0.5-1 eV. Nevertheless, the experiment with an Au-Si photo-detector has shown injected currents. [24] The physical explanation for this observation can be in breakdown of momentum conservation of electrons due to defects, phonons, and interfaces. This simple argument suggests that the size of metal nanocrystal can be very important for the plasmonic generation of electrons with large excitation energies. We will describe this physical behavior in the next section.
Plasmonic nanocrystals (NCs)

General remarks
The picture of electron excitations in a confined electron gas is dramatically different [42] . The physical reason is the non-conservation of electron momentum due to potential walls of the nanocrystal. Fig. 4 illustrates this case. The energy of electrons is quantized and optical transitions occur between the discrete states ( Fig. 4a ). The distribution of excited electrons in a localized plasmon is very different from the case of bulk-like system (Fig. 3d ). The excited electrons in a confined nanocrystal occupy the whole region of the allowed energies [42] E F < E excited electrons < E F + ω.
This can be understood using the following arguments. Because of the conservation of energy, an excited electron can acquire the energy E excited = E + ω. Therefore, the maximum allowed energy of the electron in the system is E max = E F + ω and, as we see, the excited-electron distribution extends from the Fermi energy to the maximum value (the blue part of the curve in Fig. 4c ). Correspondingly, the energy interval for photo-excited holes is E F − ω < E excited holes < E F (the red part on the curve in Fig. 4c ).
Plasmonic slab
As the simplest example, we consider now a plasmonic platelet (slab) with the smallest dimension L NC along the z-axis (Fig. 5a ). The incident electromagnetic wave is polarized in the z-direction. This dynamic electric field creates oscillating electric currents that hit the walls of the slab. Therefore, the Fermi gas becomes strongly perturbed and we can expect a significant number of electrons with large energies. The electron distribution calculated by using the theory developed in Ref. [42] confirms our expectation (Fig. 5b) . Moreover, the number of highly excited electrons is large only for relatively small sizes L NC . With increasing L NC , the number of electrons with large excitation energies decreases rapidly and already for L NC = 40 nm the electron distribution resembles the bulk plasmon (Fig. 5b) . To qualitatively explain this behavior, we look now at the electron excitation of a quantized system. In a nanocrystal with a quantized motion along the z-direction, the electrons spectrum takes the form of
where n is the quantum number for the z-motion and k || is the electron momentum in the plane of a slab. A photon excites an electron from the state |n to the state |n and the change in the electron number can only be odd, n = 1,3,5,. . ., due to the parity. Then, the characteristic energy of electron excitations in a confined system is given by the equation
assuming n/L NC < k F and that all optical transitions occur in the vicinity of the Fermi sea: E n,k || ≈ E F or 0 < ( n)/(L NC m 0 ) ≤ v F . Importantly, the effective momentum transfer, which comes from the electron confinement, can be significant and is given by
where n can be a large number and k L = /L NC is the characteristic change of electron momentum due to the NC confinement. Since n can be large, this momentum transfer from the nanocrystal to single electrons permits efficient excitation of electrons with energies in the whole interval E F < E excited electrons < E F + ω (Fig. 4c and 5b) . The excitation energies of single electrons are now in the optical range, 1-3 eV, and such electrons can be used for chemical reactions at the surface or for efficient injection into a semiconductor. In the next two sections, we will discuss such applications. Due to the conservation of energy, the most important momentum transfer numbers n should be in the interval n > n critical , where the critical number is given by the condition [42] 
The effect of generation of high-energy electrons is strong if the above number (i.e. n critical ) is not too large [42] . The above consideration is also applied to the hot plasmon holes generated in the interval E F − ω < E excited holes < E F . Some other properties of the function ␦n(E) can be seen from this equation for the plasmonic slab taken from Ref. [42] :
where rel is the energy relaxation rate in the electron gas and A = L x L y is the cross-sectional area of the slab and E z,inside is the internal field normal to the slab walls (Fig. 5a) . Note that the number of high-energy electrons does not depend on the slab width, L NC . From Eq. (5), we see now three important properties: (1) the effect of photogeneration of high-energy carriers (electrons and holes) is a surface effect since it does not depend on the size of the slab, ın(E)∼L 0 NC . (2) This effect weakens with increasing energy-relaxation rate, ın∼1/ rel . (3) The effect is very sensitive to the direction of the exciting electric field, ın(E)∼ E z,inside 2 . Electrons with high excitation energies become generated only by the electric field normal to the wall. To estimate the energy-relaxation rate, we adopted the experimental results from the time-resolved studies of gold nanocrystals [44] that give the energy relaxation time = 0.5 ps (also see Fig. 12 below) . Therefore, for the relaxation rate we obtain rel = / = 1.3 meV. This relaxation rate describes the energy relaxation and thermalization of the Fermi gas and involves both phonons and electron-electron scattering. For simplicity, we do not involve here the radiative channel of relaxation assuming NCs of small sizes.
Since a confined system has a quantized spectrum, the calculated electron distribution exhibits steps due to the 2D electronic sub-bands in the slab (Fig. 5) . In addition, we have performed an averaging of the electron spectra over the width of the slab in the interval |L − L NC | < ıL = 1 nm, assuming the presence of variations of the slab thickness [45] .
Figure 6
Illustrations of plasmonic processes within the linear-response and phenomenological models. The theoretical treatment of plasmonic dynamics in this paper is based on the linear-response many-body theory.
Phenomenological picture of plasmon dynamics
It is interesting to look at the plasmon kinetics using a phenomenological picture (Fig. 6) . Within the linear-response many-body approach, the Fermi gas driven by the ac excitation field resides in a dynamic steady state (Fig. 6a) . Electrons and holes are constantly being created and relaxing. In the quantum plasmonic picture, we should consider a plasmon as an excited quantum state of the electron system (Fig. 6, lower panel) . Then, the plasmon undergoes fast de-phasing with creation of electron-hole pairs. Plasmon de-phasing comes from collisions with phonons and defects and also from electron-electron scattering [46] . The related plasmon coherence time is very fast, plasmon ∼9 fs (see Section ''Relaxation Mechanisms''). Qualitatively this coherence time of electron oscillations can be regarded as a plasmon lifetime. Consequently, the electron-hole pairs relax and thermalize further within the relaxation time rel . A balance equation for the plasmon population in a NC can be written as
where n plasmon is the number of plasmons created in the NC, and abs and I 0 are the absorption cross section and light flux, respectively. In the steady state, dn plasmon /dt = 0 and the plasmon number n plasmon = plasmon ( abs I 0 /ω p ). In relatively small NCs within the linear regime, the plasmon numbers are small, as expected. For example, n pl ∼0.02 for a 60 nm Au nanosphere in water, illuminated with I 0 = 10 4 W/cm
Nanocrystals of various shapes
Now we briefly consider nanocrystals of various shapes. So far, a full theory of photogeneration of plasmonic carriers has been developed only for the simplest geometry of a slab (or a platelet). However, this theory can be applied qualitatively to other shapes (nanospheres, nanocubes, nanorods, nanowires, etc.). In all these nanocrystals, an external electric field efficiently excites localized surface plasmons resonances and generates surface charges. Therefore, the electron currents in these geometries should hit the walls of these nanostructures and enable the creation of highenergy electrons. The key function for the plasmonic-carrier generation is the magnitude of the electric field inside the nanocrystal. The effect of generation of excited electrons comes from the plasmon-enhanced electric fields inside a NC.
The overall enhancement of the field inside a plasmonic NC can be conveniently quantified with the following function:
where E 0 and E ω are the driving and internal electric fields, respectively. For the slab, sphere and ellipsoid geometries, this field-enhancement function can be calculated analytically. In particular, the function FE NC for a slab and a sphere is given by [47] P slab (ω) = ε 0 ε Au , P sphere (ω) = 3ε 0 2ε 0 + ε Au ,
where ε Au and ε 0 are the dielectric constants of the metal and the matrix. In Fig. 7 , we now plot the calculated field enhancements for the four types of NC. Nano-ellipsoids are obviously advantageous, due to a strong amplification of the field in the longitudinal plasmonic resonance.
Application to photochemistry
Plasmonic elections are being actively studied in experiments on photocatalysis [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Fig. 8 shows a simplified energy diagram for the transfer of plasmonic carriers to the external electron states. Such external electron states can be: (1) Molecules adsorbed on the metal surface, (2) a layer of material deposited on the surface, or (3) an electronic contact. This scheme is similar to that used for water splitting in the current experiments [9] (see further Fig. 14a in the section on experimental work). In this scheme, the energy of excited plasmonic electrons is transferred to the external states, creating reduced molecules or high-energy carriers in the external electrodes. Consequently, such energetic carriers or molecules can be used for photochemistry. This scheme has two energy parameters important for the extraction of electrons and holes from NCs: The barrier energies ε e and ε h . These energies are calculated from the Fermi surface. Apparently, for efficient injection, we need to have sufficiently large numbers of electrons and holes at the energies ε e and ε h . Such barrier energies are typically ∼eV. Therefore, the photons of visible light are able to generate carriers for injection, but the nanocrystal should be of a sufficiently small size. As we have seen in the previous section, only small NCs have a large number of highly excited carriers. The efficiency of generation of electrons (holes) with energy ε e(h) can be defined as
where Rate absorption is the rate of absorption of incident photons by a NC and Rate e(h) (ω) is a rate of injection of electrons (holes) into the surface states. Here the electron injection rate is proportional to the population at the energy E F + ε e : Rate e (ω) ∝ ın e (E F + ε e ). Similarly, for the holes, we have Rate h (ω) ∝ −ın(E F − ε e ). Simultaneously, the absorption rate Rate absorption ∝ V NC , where V NC is the NC volume. Fig. 8 shows the calculated efficiency taken from Ref. [42] . The carrier generation efficiency decreases with increasing NC size since the energies required for injection are typically large, about eV, and only relatively small NCs can generate efficiently such high-energy carriers. The number of energetic electrons (with E ∼ eV) is proportional to the surface area of the nanocrystal and, therefore, for a spherical or cubic nanoparticle 
Injection of plasmonic carriers into a semiconductor
Another stream of research concerns injection of plasmonic carriers into semiconductors and organic materials [24] [25] [26] [27] [28] [29] [30] [31] . One example is the semiconductor-metal Schottky contact with a barrier height E B (Fig. 9a) . In general, the injection process depends on the boundary conditions at the interface between the metal and the semiconductor. For an ideal flat interface, an electron crossing the interface conserves its parallel momentum. Therefore, the conditions for injection of such electron should be written as
The first condition is the simple energy argument: The photoexcited electron should have energy above the barrier (Fig. 9a) while the energies of excited electrons are limited by E F + ω. The second one gives another restriction; this tells that the z-component of energy should be larger than the barrier height [49] (Fig. 9b) . Physically, it means that, for a given energy, an electron can enter the contact only if its momentum is within the injection cone (Fig. 9b) . Both conditions create restrictions for the numbers of electrons that can be injected into a contact. However, if the metal-semiconductor boundary is rough, the second condition can be removed and more electrons can be injected. In Fig. 9c and d , we show calculated rates of generation for a contact with a barrier E B = 1eV . We see the limitation coming from the conditions (6) . First, the total rate of generation of plasmonic carriers exceeds the rate of generation of carriers above the barrier E F + ω≥E≥E F + E B .
However, the number of electrons that can enter the contact is even smaller because of the second restrictive condition, p 2 z /2m > E B + E F . As expected, the calculated curves in Fig. 9 exhibit oscillations owing to the size-quantization of electrons in a 20 nm-thick metal slab. Fig. 9 illustrates the properties of a 1 eV injection barrier, as an example. In real junctions, the barrier height varies in the range 0.5-1.5 eV [3] . The experimental numbers for a few examples of Schottky barriers are given in Table 1 . More data on the Schottky barriers can be found elsewhere [3] .
The rate of injection at the threshold can be well approximated by the result from the Fowler theory [49] :
The quadratic Fowler law is based on the conditions (6) . A full quantum mechanical solution to the problem of the photo-electric effect was given by Tamm [50] and further developed in Refs. [51, 52] . The rate of injection from the full quantum treatment includes also the effect Table 1 Data taken from Refs. [3, 48] .
Contact
Barrier of over-barrier reflection of electrons and under certain conditions becomes:
Recently a theory of internal photo-effect has been further developed including several effects characteristic for the plasmonic systems. In particular, the recent studies concerned a reflection of electron waves in slabs [53, 54] and plasmonic effects in solar cells and photodetectors [55] [56] [57] . The quantum theory for surface photo-electric effect was used to calculate the photo-injection efficiencies in plasmonic nanostructures in Refs. [58, 59] . A recent paper [60] described the non-equilibrium steady state of electrons in an optically driven metal nanoparticle using the energy balance equations.
Band structure effects: inter-band and intra-band transitions
The band diagram of a real metal is more complex than the spectrum of a free electron (Fig. 10a) . For the case of Au and Ag, the band structure can be understood in terms of sp-and d-bands. The sp-band resembles the free-electron dispersion and crosses the Fermi level. Transitions within the sp-band are intra-band excitations forming the Drude part of the dielectric constant. Optical transitions between the filled d-band and the empty states of the sp-band are inter-band excitations. We can see contributions of both types of transitions in the empirical dielectric function taken from Ref. [37] (Fig. 10b) . A dielectric function of a bulk material can be written as a sum of two contributions, ε metal = ε Drude + ε inter-band [2] . The Drude contribution coming from the intra-band transitions has the form
where the coefficients should be found from fitting to the empirical dielectric constant at long wavelengths (Fig. 10b) . Indeed, we see that the Drude formula (7) gives an excellent fit to the experimental data, using bulk = 0.076 eV and ω p = 8.9 eV [62] . This indicates that gold behaves like a good metal. Then, we can see the contribution of the inter-band transitions by subtracting the Drude contribution from the empirical dielectric constant ε inter-band (ω) = ε empirical (ω) − ε Drude (ω). Since we now know the inter-band and intra-band contributions to the dielectric constant (Fig. 10b) , we can calculate the corresponding components of absorption. The absorption in a NC can be written as a sum of two terms Imaginary part of the dielectric function of gold [37] and the Drude fit for the long wavelength limit. The difference between these two curves shows the presence of intensive inter-band transitions. The vertical line shows the transition between two regimes in the absorption; < 600 nm (ω > 2.07 eV) the imaginary part of the dielectric constant and the absorption are dominated by the inter-band transitions, while in this interval > 600 nm the intra-band Drude-like transitions govern the picture. (c) Distribution of hot plasmonic electrons and holes generated through the inter-band transitions in bulk gold. The calculation is done using the DFT theory.
where j and E are the complex amplitudes of electric current and electric field inside a NC, respectively. Fig. 11c shows the calculated contributions to the absorption for three different shapes. We see that the most common spherical NC has a small number of photogenerated intraband carriers and the majority of absorption in these NCs comes from the inter-band transitions. When we shift the plasmon resonance to the red, the contribution of intra-band transitions grows strongly. For structures with plasmon resonances longer than 600 nm, the intra-band Drude-like absorption dominates. In the inset in Fig. 11c , we show the parameter A for Au ellipsoid, which is defined as 
Q total dω
We see a strong increase of the contribution from intraband transitions with increasing the aspect ratio a/b. This is because the plasmon resonance of an ellipsoid shifts to the red when the aspect ratio increases.
To summarize this section, we show qualitatively the spectrum of plasmonic electrons and holes in a NC excited with the photon energy 2.3 eV (Fig. 11b) . While the intra-band transitions produce energetic electrons and holes in the whole interval E F − ω < E excited electrons < E F + ω, the inter-band transitions (at the threshold photon energies ω∼2.1 − 2.4eV ) create mostly energetic holes with E excited holes ∼E F − 2.3eV (Fig. 10c) . Simultaneously, photogenerated electrons for such inter-band transitions are not energetic and have energies near the Fermi level, E excited electrons ∼E F .
Relaxation mechanisms
Relaxation mechanisms of electrons and plasmons are summarized in Fig. 12 . The data on the mean-free path of excited electrons in gold can be found in Refs. [63, 64] . The relaxation mechanisms of hot electrons involve electron-electron scattering and emission of phonons and photons ( rel = 0.5-1 ps) [44, 46] . These processes involve both intra-band and inter-band relaxations assisted by phonons, photons, and electron-electron scattering (Fig. 12a) [65] . In gold, optically generated electrons with excitation energies 1-2 eV have mean-free path in the interval 17 nm < 1 mfp < 50 nm. This length determines the optimal sizes of plasmonic injectors. Devices with a shorter dimension of 50 nm are the most advantageous since an energetic carrier in such a device can propagate to the surface without essential relaxation. Another possibility is to use high-quality metals with a long mean-free path, such as very high quality silver films fabricated in Ref. [66] . As we can see the mean free path of electron in gold is relatively short and the related lifetime is short as well, l mfp /v F ∼20 fs. This can be understood involving collisions with defects and phonons and also due to electron-electron scattering [67] . The fastest process in the collective dynamics is the de-phasing (coherent lifetime) of plasmon. This plasmon coherence time plasmon ∼5-10 fs and can be estimated directly from the empirical dielectric function of gold as plasmon ∼/ bulk ∼9 fs. The plasmon coherence life shown in Fig. 12d is shorter due to the inter-band transitions that create an additional de-phasing mechanism for plasmons.
Current experimental work and potential applications
Here we briefly review some of the experimental reports in the field. The mechanisms responsible for plasmonenhanced photocurrents and photocatalysis can be divided into three groups: Thermally activated processes, processes amplified by the plasmon electromagnetic enhancement effect, and direct electron transfer/injection.
Thermal effects and characteristic temperatures in the photo-excited metal nanocrystals
One essential aspect of the problem is the photothermal effect in the plasmonic NCs [68, [70] [71] [72] [73] . Plasmonic NCs efficiently dissipate light energy, which may lead to an increase in local temperature of the system. This temperature increase can be a reason for the photocurrent generation [69] , increased rates of chemical reactions [74, 75] , and photomelting of polymers and DNAs [76] [77] [78] , plasmonic welding [79] , etc. The increase in temperature at the surface of a single spherical nanoparticle derived from the thermal heat equation is
where k 0 is an averaged thermal conductivity of the surrounding matrix and R NC is a radius of heated NC. This temperature increase is typically small (∼1-10 K) for plasmonic NCs in solution illuminated with moderate light fluxes (Fig. 13a) . However, a solution of weakly heated NCs can This dynamics exhibits a short coherent lifetime of plasmon. The calculation was done using the local dielectric function of gold [37] .
generate high temperatures due to the collective heating effect [71, 72, 80] . In this case, the resulting temperature increase can be large [68, 71] ,
where N NC is the number of NCs inside the volume of light beam and NC is the NC density in solution. Since typically N NC 1, it is easy to realize the collective heating and boiling regimes when T total T sin gle NC and T total can be above the boiling point. This effect can be used, for example, for boiling and thermal destruction of the matrix material [76, 81] .
One of the first experiments on the photocurrents in plasmonic NC arrays is shown in Fig. 13b . A strong photocurrent response in this study was attributed and explained as a bolometric effect; the presence of hot electrons inside the NCs resulted in amplified electric currents through the junctions in the NC array.
Elecromagnetic enhancement effects
Plasmonic nanostructures are able to strongly enhance and trap electromagnetic fields and this effect offers interesting possibilities for designing more efficient light-harvesting system and solar cells [6, 7] . Using plasmonic NCs and lithographically fabricated nanostructures, the electromagnetic field can be focused on the key regions of the system where photochemical transformations take place [9, 15, 19, 13] . In particular, the study [19] presented hybrid nanocrystals in which the spatial area of photocatalytic activity (semiconductor nanoparticle) is separated from the plasmonic particle by a barrier; in this way it was demonstrated that the enhancement of chemical activity in this system comes from the plasmonic energy transfer, without direct transfer of carriers.
Electron transfer and injection
This direction is strongly motivated by the reports on photo-injection in purely solid-states devices incorporating a Schottky barrier and plasmonic waveguides and resonators [24, 25] . Potential applications of such structures are in photo-detectors. Regarding solid-state and dye-sensitized solar cells, the metal component can be used as the main absorbing element [22] or as a mediator participating in electron and hole transfers [82] . The latter case is illustrated in Fig. 14b . In this system, the metal gate supplies electrons to the absorbing molecules and also transmits photoelectrons to the semiconductor. The other scheme is illustrated in Fig. 14a . In this case, the plasmonic nanocrystal is simultaneously an absorber of optical energy and a transmitter of carriers to a semiconductor and adsorbed molecules. At this moment, plasmonic photocatalysis has been used to drive several chemical reactions. Recent examples include dissociation of O 2 [75, 83] and H 2 [21] , splitting of water [9, 18, 20, 22, 84] , ethylene epoxidation [83] , etc. Search for nanomaterials with a high efficiency of conversion of solar energy into chemical fuels is very active. Plasmonic electrons may also play an active role in bio-conjugated nanocrystals. For example, excited electrons of an optically driven NC and heating can trigger release of DNA molecules [14] (Fig. 14c) . The mechanisms of generation and injection of plasmonic carriers are presently under active investigation using various spectroscopic techniques. In particular, a recent paper [32] has reported a time-resolved transmission study of electrons injected from an Au NC to a semiconductor nanorod. Another very recent paper [85] reported the experiment on focusing of surface plasmon polaritions on the metal-semiconductor junction using a tapered metal tip. In this system, the electron injection was enhanced by compressing the plasmon wave into a relatively small volume [86] . Interesting possibilities for hot electron injection and generation appear also in the photo-excited metal junctions under a strong electric bias when asymmetry of a junction is voltage-controlled [87] .
Conclusions
This review article is mainly focused on the understanding of behaviors of excited electrons in optically driven metal nanocrystals. In the concluding Fig. 15 , we show the absorption cross sections of various types of nanomaterials. The obvious advantage of plasmonic nanocrystals is in their strong absorption. Optical absorptions of metal NCs significantly exceed ones of semiconductor quantum dots, dye molecules and carbon nanotubes, which are used in dyesensitized solar cells [88] and other hybrid systems [89, 90] (Fig. 15b) . However, the challenge in the use of metal nanocrystals is in efficient extraction of the energetic electrons and holes. The lifetime of excited carriers in a metal is short, whereas excitons in dye molecules and semiconductor quantum dots are relatively long-lived. Other limiting factors for the use of plasmonic electrons are the transfer of momentum from a NC to plasmonic electrons and the reflection of carriers at interfaces. However, we show that the efficiency of generation and injection of plasmonic carriers can be increased by choosing appropriate sizes, geometries and excitation frequencies. We believe that this paper should be useful for understanding of generation and transport of hot plasmonic electrons in optically excited nanostructures. These optically active plasmonic systems can be used in a range of potential applications including optoelectronics, sensing, photochemistry and energy harvesting.
